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I.  Research  Accomplishments 


(A)  Penning  Ionization:  Ion  Lifetimes 

We  have  been  able  to  demonstrate  over  the  course  of  this  work: 

(1)  that  the  Penning  ionization  process  is  an  efficient  mechanism  for 
the  production  of  ions,  and  in  this  connection  a variety  of  Penning  ioniza- 
tion cross  sections  were  measured.1 

(2)  that  the  fast  flowing  helium  (argon)  afterglow  was  a particularly 

valuable  tool  available  for  the  study  of  the  Penning  process  and  associated 

experimental  observations.  This  value  stems  principally  from  the  fact  that 

large  steady-state  concentrations  of  both  atomic  and  molecular  ions  can  be 

obtained  in  a field-free  region  without  the  complications  of  high  vacuum 

2 

techniques  and  large  volume  ovens. 

(3)  that  Penning  collisions  are  a spin-conserving  process.  Here  we  have 
utilized  the  optical  pumping  technique  in  metastable  helium  which  induces  a 
spin  orientation  in  the  Hem  system.^  Subsequent  Penning  collisions  of  the  Hem 
atoms  with  Group  II  metal  atoms  results  in  our  orientation  of  the  Penning  ion. 
Utilizing  these  observations  in  various  combinations  we  have  been  able  to  mea- 
sure a number  of  radiative  lifetimes  and  collisional  depolarization  cross  sec- 

O 

tions.  Utilizing  the  flowing  system  (without,  however,  the  use  of  Penning 
ionization)  we  have  also  measured  by  the  Hanle  method,  the  radiative  lifetimes 
of  a number  of  excited  Ybl  levels.^ 

NBS  is  currently  preparing  a monograph  on  the  properties  (energy  levels, 
configurations,  etc.)  of  Yb,  and  we  have  both  utilized  and  contributed  to 
their  program  in  this  area. 
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We  have  also  completed  the  construction  of  a fast  metastable  beam  source3 
which  is  to  be  used  in  conjunction  with  the  flowing  afterglow  system.  The  beam 
source  provides  a unique  collision  axis  as  opposed  to  the  flowing  system  in 
which  there  is  no  well-defined  collision  axis. 

As  a result  of  our  cross  section  measurements  for  the  quenching  of  the 
metastable  states  of  He,  Ne,  Ar  and  Kr  by  Cd  & Zn  in  Penning  ionization  colli- 
sion, we  have  considered  the  theoretical  models  for  Penning  ionization  which 
are  currently  in  vogue.  Some  preliminary  theoretical  observations  were  pre- 
sented at  the  5th  International  Conference  on  Atomic  Physics.  A more  detailed 
description  is  being  prepared  for  publication. 


(B)  Excitation  Transfer,  Colli  si onal  Dissociative  Excitation 

Collisions  of  this  type  are  very  important  mechanisms  in  certain  laser 
systems  in  which  the  noble  gas  excited  atom  is  the  energy  carrier  and  pre- 
cursor of  a dissociative  excitation  process.  Notable  are  the  noble-gas  halogen 
laser  excimer  systems^  and  the  recent  report  of  high  power  lasing  action  in 
neutral  atomic  fluorine. ^ In  this  latter  system  a fast  discharge  produced 
dissociation  of  NF^  in  a mixture  of  ^100  Torr  Helium,  1 Torr  NFg.  Lasing  was 
observed  at  700c8  with  70  KW  obtained  in  40  nsec  pulses. 

In  an  effort  to  determine  the  role  of  helium  in  the  process  we  utilized 
the  flowing  helium  afterglow  with  SFg  and  added  as  an  impurity.  Intense 
emission  near  700oX  due  to  emission  from  atomic  fluorine  was  obtained.  We 
suggest  that  the  internal  energy  of  the  Hem  is  transferred  to  the  molecule  re- 
sulting in  dissociative  excitation  and  the  efficient  production  of  electroni- 
cally excited  atomic  fluorine.  Our  results  indicate  that  the  use  of  molecular 
fluorine  may  provide  greater  efficiency  than  the  use  of  NF3.  Interest  in  this 
laser  system  stems  from  its  possible  use  as  a pump  source  for  infrared  dye  laser 
systems. 
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(C)  Xenon  Ion  Laser  as  a Pump  Source  for  Tunable  Dye  Laser 

As  a result  of  our  need  for  an  inexpensive  source  of  tunable  laser  radia- 
tion we  have  investigated  the  use  of  the  Xenon  ion  laser  as  a pump  source  for 
narrow  band  tunable  laser  radiation.  A report  of  our  early  results  was  pub- 

O 

lished  earlier.  Subsequently,  we  have  examined  the  use  of  the  system  with 
various  dyes  and  are  now  able  to  obtain  tunable  laser  radiation  from  5500$ 
to  beyond  700o8  with  various  dyes.  The  chief  advantages  of  the  present  sys- 
tems are:  low  cost,  relatively  long  pulse  (^200-500  nsec)  repetition  rates 

to  30  Hz,  a bandwidth  of  0.  258  with  potential  for  substantial  narrowing  with 
the  use  of  an  etalon,  an  0.3ml  sealed  dye  volume,  and  up  to  10%  conversion 
efficiency. 


(D)  Molecular  Lifetime  Measurements 

2 

Rotation  and  predissociation  lifetimes  of  the  A 1 of  0D  and  radiative 
2 2 

lifetimes  of  the  B [ and  A A state  of  CH  were  obtained. 
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Radiative  lifetimes  and  alignment  depolarization  cross  sections  for  Ybi  and  ii 
by  the  Hanle  effect  in  a flowing  helium  system* 

F.  H.  K.  Rambow  and  1.  D.  Schcarcr 

Physics  Department.  University  nj  Missouri- Rolla.  Holla.  Missouri  61401 
(Received  20  March  1976) 

The  radiative  lifetimea  of  the  I7992-,  25068- . 28857-.  374I4-,  40364  , and  44017-cm  1 neutral  levels  and  the 
30392-cm  ' ion  level  of  Yb  have  been  measured  by  the  llanle  method  in  a fast-flowing  He  system  The 
lifetimes  (in  units  of  10  * sec)  were  found  to  be  H2(X20),  5 12(0  12),  144(04).  77  4(60),  9 32(0  6),  39  1(3.5), 
and  3 8(0  6),  respectively  In  a flowing  system  wilh  He  as  a bulTer  gas  the  alignment  depolarization  cross 
sections  with  Yb  were  obtained  and  are  reported  here  for  the  first  time  They  are  (in  units  of  10  11  cm  ) 

50(1  0),  5 9(10),  5 9(1  2),  179(20).  28  2(3  0),  5 16(40),  and  7 2(2  5),  respectively 


INTRODUCTION 

Lifetime  and  depolarization  cross  sections  are 
important  parameters  of  excited  states  of  atoms. 
We  report  here  radiative  lifetimes  and  collisional 
depolarization  cross  sections  for  six  odd  levels 
of  neutral  ytterbium  and  one  level  of  singly  ionized 
ytterbium  as  measured  by  the  Hanle  effect*  in  a 
flowing  system  with  helium  as  the  buffer  gas.  The 
electron  configuration  of  one  of  these  neutral  lev- 
els (37  414  cm*1)  has  not  yet  been  identified.2  Al- 
though ytterbium  was  discovered  in  1907,  rela- 
tively little  progress  was  made  towards  a quantum 
description  of  its  spectra  until  recently,  due  in 
part  to  the  difficulty  of  obtaining  pure  samples  of 
Yb.  Since  1950  more  efficient  light  sources  have 
been  developed  and  relatively  large  quantities  of 
high-purity  rare  earths  have  been  accumulated  as 
by-products  of  the  purification  of  thorium  and 
uranium  by  ion-exchange  chromatography. 

A useful  description  of  its  arc  and  spark  spectra 
was  first  given  by  Meggers  and  Scribner  in  1937.’ 
The  first  useful  Zeeman  measurements  on  Yb  I 
were  made  in  the  late  1950’s.  In  1965  Meggers 
and  Corliss  published  data  for  some  7300  spectral 
lines,  including  Zeeman  classification  of  1300 
lines.4  At  present  a quantum  description  of  Ybi 
is  being  prepared  for  publication  by  J.  Tech  at  the 
U.  S.  National  Bureau  of  Standards.2  However,  the 
electron  configuration  of  several  levels  remain 
unidentified. 

We  found  few  reliable  lifetime  measurements 
and  no  depolarization  cross  sections  in  the  litera- 
ture for  Yb.  One  of  the  first  lifetime  measure- 
ments on  Yb  was  that  of  Baumann  and  Wandel  in 
1966.5  They  measured  radiative  lifetimes  for  the 
'P  and  3P  levels  of  the  4/I46s6p  configuration  of 
Ybi  by  the  Hanle  effect  in  a beam.  These  and  all 
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subsequent  measurements  can  be  broken  roughly 
into  three  groups.  The  longest  lifetimes  were 
measured  by  the  technique  of  anomalous  dispersion 
and  total  absorption.8  These  averaged  20%  longer 
than  measurements  in  the  second  group  using  the 
llanle  technique  and  taken  by  Bauman  and  Wandel, 
Lange  el  al.7  and  ourselves.  Also  agreeing  with 
these  data  for  the  neutrals  and  included  in  the  sec- 
ond group  was  the  technique  of  delayed  coinci- 
dence8 used  by  Burshtein  el  al.,  which  gave  a value 
only  slightly  longer  than  that  obtained  via  the  Hanle 
effect.  However,  their  value  for  the  ion  lifetime, 
which  incidentally  is  the  first  such  measurement, 
is  about  20%  longer  than  ours.  Possible  reasons 
for  this  will  be  discussed  later.  The  third  group, 
also  using  the  Hanle  method  but  as  a by-product 
of  level  crossing  hyperfine  studies,  was  that  of 
Budick  and  Snir.9,10  Their  values  obtained  for  the 
6s6 p'P,  and  4/135rf6s2(3i,  2|)?  levels  were  100% 
and  20%  longer,  respectively,  than  those  in  the 
second  group.  Their  value  for  the  6s6p3P,  was 
only  slightly  shorter  than  that  of  the  second  group. 
These  discrepancies  can  be  explained  if  coherence 
narrowing  and  collisional  depolarization  were  not 
properly  taken  into  account. 

In  this  experiment  we  were  particularly  careful 
to  account  for  these  effects.  The  data  reported 
here  have  been  corrected  for  collisional  broaden- 
ing and  coherence  narrowing.  Our  measurements 
of  collisional  depolarization  cross  sections  are, 
to  our  knowledge,  the  first  reported.  Further- 
more, the  fluctuation  of  a data  point  over  several 
measurements  averaged  <2%  for  the  neutral  atom 
due  to  the  large  signal-to-noise  ratio.  The  error 
limits  we  have  set  in  Table  I represent  maximum 
confidence  limits  but  do  not  take  into  account  hy- 
perfine effects.  Scatter  of  the  data  lies  within 
these  limits  in  all  cases.  The  influence  of  nuclear 
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spin  is  considered  separately. 

APPARATUS 

The  Hanle  effect  in  a flowing  system  is  particu- 
larly suited  to  measurements  of  lifetimes  and  de- 
polarization cross  sections.  It  allows  for  rapid 
change  and  easy  monitoring  of  system  parameters, 
such  as  ytterbium  density  and  buffer -gas  pressure. 
Thus  collisional  depolarization  and  radiation  trap- 
ping can  be  easily  controlled  and  their  effects  ob- 
served. Another  advantage  is  that  material  under 
study  can  be  quickly  changed  and,  unlike  a beam 
apparatus  or  sealed  cells,  high-vacuum  techniques 
are  not  necessary,  since  flow  rates  are  many  or- 
ders of  magnitude  greater  than  outgassing  rates. 

The  flow  tube  is  welded  from  aluminum  conduit 
and  is  evacuated  by  a mechanical  forepump  and 
roots  blower  combination  rated  at  540  ftVmin. 

With  helium  admitted  at  the  entrance  of  the  flow 
tube,  flow  velocities  on  the  order  of  lO’-lO4  cm/ 
sec  were  obtained  with  background  He  pressures 
in  the  range  of  0.01-1  Torr.  The  Yb  vapor  is 
titrated  into  the  interaction  region  by  an  oven 
wound  with  coaxial  heater  wire.  The  resonance 
light  source  is  a flowing  hollow  cathode  lamp  with 
a water-cooled  anode  and  air-cooled  Pyrex  jacket. 
Resonance  emission  from  the  lamp  was  monitored 
by  a 1-m  Jarrell  Ash  monochromator  having  a 
resolution  of  0.05  A.  No  evidence  for  brc«d'*r.ing 
or  self-reversal  of  the  line  profile  was  uoserved 
within  this  limit. 

A schematic  diagram  of  the  apparatus  is  shown 
in  Fig.  1.  Light  from  the  flowing  hollow  cathode 
is  focused  by  a fused  quartz  lens  through  a quartz 
window  into  the  flow  region  just  above  the  oven. 
Magnetic  field  coils  in  a Helmholtz  configuration 
are  mounted  coaxially  on  the  flow  tube.  Three 
more  sets  of  Helmholtz  coils  cancel  the  Earth’s 
field  in  the  scattering  region  to  less  than  10  mG 
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FIG.  1.  Schematic  diagram  of  apparatus. 


residual  field.  Light  scattered  perpendicular  to 
both  the  incident  light  direction  and  the  magnetic 
field  i6  collected  and  passed  through  a j-m  Jar- 
rel  Ash  monochromator  with  1000- pm  slits  to  a 
photomultiplier. 

The  magnetic  field  is  swept  at  18  Hz  by  a trian- 
gular current  waveform.  The  current  waveform 
is  shaped  by  a feedback  network  that  holds  the 
sweep  linear  to  better  than  0.5%  over  the  entire 
waveform.  Linearity  can  be  monitored  by  two 
methods.  One  is  the  helium  magnetometer,  which 
is  discussed  below,  and  the  other  is  a probe  coil 
inserted  into  the  flow  tube.  When  the  voltage  in- 
duced in  this  coil  is  integrated  it  provides  an  ac- 
curate picture  of  the  magnetic  field  inside  the  flow 
tube.  Linear  field  sweeps  of  over  100  G peak  to 
peak  were  obtained. 

One  of  the  advantages  of  performing  this  experi- 
ment with  a flowing  He  system  is  the  in  situ  field 
calibration  it  allows.  A microwave  discharge  at 
the  flow  inlet  produces  He  metastables  which  drift 
down  the  tube  and  are  optically  pumped  by  light 
from  a flowing  He  lamp  focused  just  above  the 
oven.11  A small  rf  coil  provides  the  oscillating 
magnetic  field  to  induce  the  Zeeman  transitions. 
The  He  light  is  monitored  in  transmission  by  a 
Polaroid  infrared  jxilarizer  filter  in  conjunction 
with  an  infrared-sensitive  photodiode.  This  pro- 
vides not  only  a calibration  of  the  field  but  also 
a check  on  field  sweep  linearity.  Linearity  is  de- 
fined by  measuring  the  spacing  between  reso- 
nances in  gauss  for  a series  of  radio  frequencies, 
i.e.,  10,  20,  . . . , 50  MHz,  and  dividing  the  maxi- 
mum difference  in  spacing  by  the  average  spacing. 

This  same  flowing  system  was  used  for  Hanle 
measurements  on  the  ion.  With  thf  microwave- 
excited  source  of  helium  metastables  (He")  at  the 
inlet  to  the  flow  tube,  Penning  ionization  of  Yb  by 
He”  produces  copious  quantities  of  ions  in  steady 
state  in  a field-free  region.  Typical  cross  sec- 
tions for  Penning  ionization  are  on  the  order  of 
10'13  cm2.  Resulting  ion  densities  as  high  as  1010 
cm"3  are  estimated  by  optical  absorption.  This 
technique  releases  one  from  concerns  over  per- 
turbations due  to  an  ionizing  electric  field  and 
decreases  necessary  signal  accumulation  time 
over  pulsed  techniques. 

EXPERIMENTAL  TECHNIQUE 

Briefly,  the  Hanle  method  is  a well-known  zero- 
field  level -crossing  technique  in  which  resonance 
radiation  is  used  to  coherently  excite  atoms  in  the 
presence  of  a magnetic  field.  The  resonance  flu- 
orescence is  observed  as  a function  of  magnetic 
field  and  from  this  resulting  plot  the  decay  con- 
stant is  obtained  as  a function  of  the  g factor.  We 
have  chosen  the  common  geometry  and  jjolarization 
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FIG.  2.  Ybu  Hanle  signal  fit  with  Lorentzian.  The 
solid  line  is  the  computer  fit. 


in  which  the  signal  due  to  fluorescence  reduces  to 
a Lorentzian, 

S=[l  + (2?u//T/fi)2]-‘.  (1) 

Here  ? is  the  Landg  g factor,  n the  Bohr  magne- 
ton, H the  field  in  gauss,  r the  lifetime  in  sec- 
onds, and  H Planck’s  constant  reduced. 

The  decay  constant  obtained  from  this  curve  is 
then  related  to  the  radiative  lifetime  by 


«!£W 


>L, 


(2) 


with  the  parameters  as  given  by  Saloman  and  flap- 
per.12  The  radiative  lifetime  r0  is  just  1 /V . In 
the  limit  of  low  Yb  density  which  characterizes 
our  work,  xj,  the  reabsorption  probability,  re- 
duces to  KtN  and  the  expression  becomes13 


{K,N  + noV . 


(3) 


The  first  term  on  the  right-hand  side  is  the  radia- 
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FtG.  3.  Llnewidth  vs  Yb  density  for  the  4/u6s6p  3Pf 
level.  The  horizontal  scale  is  in  units  of  scattered 
fluorescent  intensity,  which  is  linearly  related  to  the 
Yb  density. 


live  lifetime,  the  middle  term  is  due  to  radiation 
trapping,  and  the  last  term  accounts  for  collisional 
depolarization.  The  coefficients  a , and  K,  depend 
on  the  states  involved.  The  sum  is  over  i 
branches,  with  r 0/r(  the  branching  ratio  for  the 
ith  branch.  N is  the  Yb  density.  In  the  last  term 
H is  the  helium  density,  a the  alignment  depolar- 
ization cross  section,  and  V the  average  relative 
collisional  velocity. 

All  data  were  taken  by  accumulating  signal  vs 
magnetic  field  with  a Fabri-Tek  1060  signal  aver- 
ager. The  resulting  curve  was  plotted  on  an  x-y  re- 
corder. All  plots  were  subsequently  digitized  by 
a Tektronix  Graphics  Tablet  and  the  full  width  at 
half-height  was  extracted  by  a nonlinear  least- 
squares  fit  to  a Lorentzian.  A typical  fit  is  shown 
in  Fig.  2.  In  order  to  obtain  the  radiative  lifetime 
a double  extrapolation  was  used.  For  each  helium 
pressure  a set  of  line  widths  vs  Yb  density  was  ex- 
trapolated to  zero  Yb  density  by  a least-squares 
fit  to  a straight  line,  thus  leaving  the  data  indepen- 
dent of  Yb  density.  A typical  extrapolation  of  the 
linewidth  to  zero  Yb  density  is  shown  in  Fig.  3. 

The  relative  density  is  obtained  from  the  in- 
tensity of  the  resonance  fluorescence.  A num- 
ber of  width  measurements  were  taken  at  each 
Yb  density  to  reduce  random  error.  The  peak- 
to-peak  scatter  among  the  widths  at  each  density  was 
seldom  over  4%  and  on  the  average  was  under  2% . 
Finally,  the  width  vs  helium  pressure  data  was  plot- 
ted and  least-squares  fitted  by  a straight  line.  From 
the  intercept  and  slope  of  this  line  the  radiative  life- 
time and  alignment  depolarization  cross  section 
were  deduced.  The  plot  of  width  vs  helium  pressure 
for  the4/M6s6/>3.P,  level  is  shown  in  Fig.  4 as  an 
example. 

The  next  consideration  was  that  of  hyperfine  ef- 
fects. Ytterbium  has  a 30%  natural  abundance  of 
odd  isotope,  with  14%  spin-i  and  16%  spin-|. 

Even  with  a 30%  abundance  one  would  expect  the 
effect  on  lifetime  measurements  to  be  a few  per- 


FIG.  4.  Width  vs  helium  pressure  plot  for  the 
4/u6s6/>  ’.Pj’  levels. 


Y b 1 AND 

n in' 

1 TIMES  AND 

D 1 HU  1 

ARIZATION 

( ROSS  SI 

F.CTIONS 

TABLE  1 

Kxp«rlrw*ntal  resultR. 

Line  (A) 

Term 

Configuration 

n J 

Present  data 
a (10" ,i  cm’| 

t (nsec) 

Other  data 
i (nsec) 

Ybi 

5556 

ipo 

Vu6s6  p 

1 48 

5.0(1.01 

820(20) 

827(40)  * 
760(80)  6 
850(80)  c 
980(70)  d 

3968 

Ipo 

4/’'6*6p 

1.035 

5. 9(1.0) 

5.12(0.12) 

5.5(0.25)* 
12  1 

5.63(0.25)  * 
6.4(0 .2)  d 

3464 

4/u5d6sJ 

1.26 

5.9(1. 2) 

14  .4(0.5) 

17  b 

14  .3(0.9)' 

18.3  d 

2672 

<?>f 

? 

1.02 

17.9(2.0) 

77.4  (6.0) 

57.3(4)  * 
93  d 

2464 

Ipo 

4/u6s7/> 

1.01 

28.2(3.0) 

9.3  (0.6) 

10.4(1.5)  * 
12.4  d 

2272 

lpo 

4fu6s8p 

1.00 

51.6(4.0) 

39.1(3.5) 

Vb  II 

3290 

2p  o 

4 fU6P 

1.333 

7.2  (2. 5) 

5.8(0. 6) 

7. 3 (0.6)  c 

a M.  Baumann  and  0.  Wandel,  Ref.  5. 
fc  B.  Budick  and  J.  Snir,  Ref.  9. 

CN1.  L.  Burshtein  et  al.,  Ref.  8. 
d V.  A.  Komarovskii  and  N.  P.  Penkin,  Ref.  6. 
' W.  Iange  et  al..  Ref.  7. 

1 B.  Budick  and  .J.  Snir,  Ref.  10. 


cent  at  most.14  A careful  analysis  of  the  hyperfine 
structure  supports  this  claim.  Assuming  a flat 
lamp  profile,  it  was  found  for  our  method  of  ana- 
lyzing  the  Hanle  curves  the  lifetimes  could  be  3% 
and  5%  longer  for  neutrals  and  ions,  respectively, 
than  uncorrected  results  would  suggest.  The  de- 
tails of  these  calculations  are  given  in  the  Appen- 
dix. 

A unique  complication  arises  with  the  ion  Hanle 
signal.  The  Penning  reaction  which  produces  our 
ground -state  ion  density  heavily  populates  the 
4f146/>  level.  The  resulting  radiation  at  3290  A is 
much  greater  than  the  Hanle  signal  and  obscures 
the  direct  observation  on  the  oscilloscope.  Since 
the  ions  interact  with  the  applied  magnetic  field, 
the  ion  density  is  a slowly  varying  function  of  field 
In  order  to  unscramble  the  Hanle  signal  a proce- 
dure similar  to  that  of  Smith  and  Gallagher15  was 
employed,  in  which  two  sets  of  curves  are  taken. 
One  set  is  taken  with  the  polarizer  parallel  to  the 
field  and  gives  only  the  ion  dependence  on  magne- 
tic field.  The  other  is  taken  with  the  polarizer 
perpendicular  to  the  field  and  gives  a composite 
of  the  Hanle  signal  with  the  ion-density  field  de- 


pendence. The  result  of  this  correction  fitted  to 
a Lorentzian  is  shown  in  Fig.  2. 

RESULTS 

Our  data  represent  the  first  lifetime  measure- 
ments made  on  ytterbium  in  a flowing  system.  We 
were  able  to  extend  the  number  of  level  lifetimes 
measured  (the  4/l46s8/>  radiating  at  2272  A)  and  to 
improve  upon  the  accuracy  of  existing  measure- 
ments. As  a by-product  of  lifetime  measurements 
in  a flowing  system  we  also  obtained  the  first 
alignment  depolarization  cross  sections  for  ytter- 
bium with  helium. 

The  experimental  results  are  presented  in  Ta- 
ble I.  Lifetimes  are  compared  to  those  measured 
by  other  authors.  It  should  be  noted  that  the  life- 
times of  Komarovskii  and  Penkin6  are  not  direct 
measurements  but  are  calculated  from  oscillator 
strengths  obtained  by  anomalous  dispersion  and 
total  absorption.  These  measurements  average 
some  20%  longer  than  ours.  Once  this  20%  ad- 
justment is  made  the  agreement  is  excellent,  im- 
plying a systematic  error  in  one  technique  or  the 
other.  The  large  value  obtained  for  the  6s6/>‘f% 
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FIG.  5.  Components  of  the  Hanle  signal  for  J = 1 Yb  i 
levels. 


lifetime  by  other  workers  using  the  Hanle  tech- 
nique can  probably  be  explained  by  coherence 
narrowing,  in  view  of  this  level’s  large  oscillator 
strength.  Our  excellent  agreement  with  other  Han- 
le effect  and  delayed  coincidence  measurements 
of  the  0s0p2Pl  level  lifetime,  which  has  an  oscil- 
lator strength  100  times  smaller  than  the  singlet 
level,  supports  this  claim.  This  gives  us  con- 
fidence in  our  lifetime  measurement  of  the 
6s8p'P°  level  reported  here  for  the  first  time 
and  in  the  lifetime  of  the  6 p2P°3/2  ion  level. 

The  lifetimes  given  in  Table  I do  not  contain  a 
correction  for  hyperfine  effects.  As  discussed 
in  the  Appendix,  these  could  result  in  as  much  as 
a 3%  increase  in  neutral  lifetime  and  a 5%  increase 
in  the  6 p ion  level  lifetime.  If  this  correction  is 
included,  our  value  for  the  Ybii  2PJ/2  level  be- 
comes 6.09  ±0.6  nsec,  which  agrees  with  the  value 
of  Burshtein  el  til.  at  the  limits  of  experimental 
error.  We  chose  not  to  incorporate  the  hyperfine 
effect  into  the  lifetime  because  of  our  lack  of 
knowledge  of  the  lamp  profile,  but  rather  state  il 
as  an  added  uncertainty. 

Alignment  depolarization  cross  sections  are 
presented  without  comment  save  the  qualitative 
observation  that  for  higher  nl  states  a is  larger 
No  attempt  was  made  to  bring  the  uncertainties 
for  the  cross  sections  in  line  with  those  of  the 
lifetimes.  The  larger  experimental  errors  are 


due  mostly  to  lack  of  data  over  a wide  enough 
pressure  range  for  some  of  the  small  width/Torr 
slopes  encountered  when  plotting  width  vs  helium 
pressure. 

APPENDIX 

Using  the  standard  vector  coupling  coefficients 
of  Condon  and  Shortley1*  and  assuming  a broadband 
"white  light"*1  source  we  obtained  the  following  ex- 
pression for  the  signal  from  the  J- 0 to  J = 1 tran- 
sitions in  Yb  with  nuclear  spins  1 = 0,  i,  and  *: 

S=  1 -0.808(008*0  sln2a'  + cos*a'  sin2a) 


0.808  cos2a  co8*o' 


. „ . , ./0.7  0.06  0.001 

- sin2a  sm2a  ♦ j + (0  667x'j*  ♦ 17(013* 

0.026  0.021  \ 

+ 1 + (0.267  x)2  + l + (1.2x)V  ’ W 


0.026 

+ 1 + (0.267  xf  + 


x=2gjiiHr/K. 


Here  a and  a'  are  the  angles  the  polarization  vec- 
tor makes  with  the  magnetic  field  direction  for 
incident  and  reflected  beams,  respectively.  In 
this  experiment  we  used  a polarizer  on  the  detec- 
tor for  all  wavelengths  above  2672  A and  no  po- 
larizers for  2672  A and  below.  Upon  analyzing  the 
broadening  produced  with  and  without  the  polarizer 
we  found  the  difference  to  be  completely  negligible. 

To  determine  the  extent  of  broadening,  the  sum 
of  the  Lorentzian  was  compared  to  a simple  Lo- 
rentzian  (I  - 0 case)  by  the  least- squares-f it  pro- 
gram. Also,  each  Lorentzian  component,  togeth- 
er with  the  sum,  was  plotted  and  is  shown  in  Fig. 

5.  It  becomes  apparent  that  the  very  broad  com- 
ponents approximate  a constant  background  and 
thus  have  little  effect  on  the  width  of  the  sum  ex- 
cept far  into  the  wings.  Using  the  least-squares 
fit  we  found  approximately  to  2-3%  increase  in 
the  full  width  at  half- height  over  the  1=0  case, 
which  implies  that  the  lifetime  is  2-3%  longer  than 
the  uncorrected  results  would  suggest. 

An  identical  procedure  was  followed  for  the  ion. 
The  signal  as  a function  of  polarization  angle  was 
found  to  be 


5=1  - 0.470  (cos2a  sin2a'  + cos2a'  sin2a)  + 0.470  cos 2 a cos 2a' 

. 2 . _ ,/0.42  0.019  0.043  0.0003  0.005  0.001  0.017  \ 

-sin  a sin  a + i + (i .25)*  + IT?-  + 1 + x5  + 1 ♦ (0.083x)2  * 1 * ( 0.292* f + 1 + (0.375x)y  ‘ 

The  effect  on  measured  lifetime  in  this  case  is  3-5%,  again  depending  u|xm  how  far  into  ihc  wings  the 
least- squares  fit  was  made. 


14 


Y b I AND 


I I I I T IMIS  AND  D I I'  <)  l A K I /.  A I I O N (ROSS  Sit  I I O N S 


74.1 


•Research  supported  by  Office  of  Naval  Research  under 
Contract  No.  ONIt- N00014-09-A-014  1-0004 
*W.  llanle,  Z.  Phys.  30.  83  (19341 

*J  1'ech,  J Res  Natl  Hur  Stand  (11.8  I (to  be  published) 
’W.  F.  Meggers  and  R.  F.  Scribner.  .J  Res  Natl,  nur 
Stand.  (U.S.)  _19.  651  (1937). 

*W  F.  Meggers  and  C.  II.  Corliss,  3.  Res  Natl.  Rur. 
Stand.  (l’.S.)  A70,  63  (1966) 

SM.  Baumann  and  G.  Wandel.  I’hys . Lett.  22,  283  (1966). 
*V.  A.  Komarovski!  and  N.  I’.  I’enkln,  Opt.  Spektrosk. 

26,  882  (1969)  (Opt . Spectrose.  26,  483  (1969)1. 

'W.  Lange,  J.  lAither,  and  A.  Strudel,  Summaries  of  the 
Second  Kuropean  Group  on  Atomic  Spectroscopy  Con 
ference,  Hanover,  1970  funpubllshod). 

*M.  L.  Burshtcin,  Ya.  F.  Verolalncn,  V.  A.  Komarovski), 
A.  L.  Osherovlch,  and  N.  P.  Penkin.  Opt.  Spektrosk 
37,  617  (1974)  |Opt.  Spectrose . 37,  351  (1974)1 
*B.  Budick  and  J.  Snir,  Phys.  Rev.  A L 545  (1970) 

10B.  Budick  and  J.  Snir,  Bull.  Am  Phys.  Soc.  12.  186 


(1967) 

"F.  D Colgrove  ars)  P.  A.  Franken,  lliys.  Rev.  119. 

680  (I960) 

l?W  Mapper  and  K.  B.  Saloman  Phys.  Rev.  1 60,  23 
(1967). 

nW.  W.  Smith  and  A Gallagher.  Phys.  Rev.  145,  26 
(1966). 

'‘Ses’  I..  G.  Williams  nnd  I).  It.  Crosley,  I’hys.  Rev.  A 9, 
622  (1974);  see  also  A Gallagher,  Phys.  Rev  157,  24 
(I960),  for  a discussion  of  hyperflne  effects. 

1SW.  W.  Smith  ami  A.  Gallagher,  Phys.  Rev  145,  26 
(1966). 

ieK.  ti.  Condon  ami  G.  II.  Shorlley,  The  Theory  of  Atomic 
Spectra  (Cambridge  l).  )>.,  london,  1970),  Chap.  3. 

"tine  might  expect  our  “white  light”  source  to  l>c  a good 
approximation.  The  lamp  pressure  was  on  the  order 
of  50  Torr  with  a current  of  3 A.  Thus  Stark  and  pres- 
sure broadening  could  be  expected  to  contribute  signi- 
ficantly to  the  emission-line  width. 
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Intense  flowing  hollow  cathode  lamp* 
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An  inexpensive,  simple,  and  versatile  hollow  cathode  lamp  has  been  developed  which 
produces  intense  ion  resonance  radiation  of  about  1 mW  into  4ir/25  sr.  The  lamp  employs 
flowing  helium  gas  to  sustain  the  discharge.  The  construction  permits  a variety  of  cathode 
seed  materials  to  be  easily  interchanged.  The  same  lamp  has  been  used  as  a source  of  ion 
resonance  radiation  for  Ca,  Ba,  Zn,  Mg,  Sr,  Yb,  and  Eu. 


We  have  succeeded  in  developing  a (lowing  hollow 
cathode  lamp  with  which  we  have  measured  radiative 
lifetimes  of  some  Group  II  and  rare  earth  ion  levels.'" 
The  lamp  is  very  simple  and  inexpensive  to  build.  Since 
it  operates  on  dc  there  are  no  problems  of  rf  shielding. 
With  reasonable  care  in  construction  and  operation  it  is 
practically  indestructible.  Unlike  sealed  hollow  cathode 
lamps  the  same  lamp  can  be  used  for  many  elements  and 
can  he  readily  disassembled  for  cleaning  and  recharging. 
Welding  grade  helium  is  used  as  the  flowing  buffer  gas 
because  it  is  readily  available  and  reasonable  inex- 
pensive. I he  use  of  flowing  helium  gas  inhibits  the 
condensation  of  material  on  the  lamp  windows  and  cir- 
cumvents the  necessity  for  high  vacuum  lcclmii|ucs  in 
the  preparation  of  the  lamp. 

A drawing  of  the  lamp  is  shown  in  big.  I.  The  lamp  is 
both  air  anil  water  cooled  for  stability  and  long  life.  The 
anode  is  machined  from  a 3.K  1-cni  brass  cylinder.  W cr 
cooling  s provided  bv  a 4.X  mm-diam  copper  lt.be 
soldered  around  the  anode.  The  inlet  He  stream  flows 
across  the  quartz  window  on  the  front  of  the  anode  to 
prevent  fogging  by  metal  vapor  deposits.  The  anode  is 
supported  by  the  outer  jacket,  a 2.54-cm-diam  Pyrex 
tube  12.7  cm  long.  This  tube  is  cooled  by  a stream  of  air. 
The  window  and  Pyrex  tube  are  attached  to  the  anode 
by  Dow  Corning  silicon  rubber  compound.  The  cathode 
is  machined  from  a 9.8-mm  rod  of  boron  nitride  and 
lined  with  0.  l-mm  tantalum  foil.  It  is  supported  by  a 
stainless  steel  welding  rod  insulated  by  a small  diameter 
Pyrex  lube.  The  welding  rod  is  attached  to  a ft.35-mm 
brass  rod  that  extends  out  through  an  Ultra- l oir' 
fitting  so  that  the  anode-cathode  spacing  can  be  ad- 
justed while  the  lamp  is  in  operation.  The  entire  cathode 
assembly  is  mounted  to  the  glass  jacket  by  an  ( bring 
connector  similar  to  the  Ultra-Torr  commercial  fittings. 
This  allows  the  cathode  to  be  pulled  out  easily  for  re- 
charging. 

I he  lamp  normally  operates  at  1 A w ith  a helium  pres- 
sure in  the  range  1-50  Torr.  A flow  rate  on  the  order 
of  1 \ 10*  atm  cm*  min  ' is  maintained.  The  power  into  a 
solid  angle  of  4n725  sr  from  the  4078  A sr  line  was  found 
to  be  I x 10  3 W or  about  2 x It)1'’  quanta  sec  '.  Com- 
pared to  prevous  lamp  designs  the  flowing  hollow 
cathode  lamp  described  here  provides  excellent  versa- 
tility and  ease  of  construction  without  sacrificing 
intensity.4  The  lamp  described  by  Weber'  has  greater 
intensity  tlO'*  quanta  sec  1 into  4n-  2.'  sr;  however,  the 
current  required  to  obtain  this  output  is  30-40  A., 


Our  design,  in  addition  to  high  intensity,  allows  a 
wide  range  of  materials  to  be  used  in  the  cathode,  and 
furthermore  this  material  can  be  changed  in  minutes. 
The  lamp  can  be  opened  to  air.  (he  cathode  assembly 
pulled  out.  cleaned  in  nitric  acid,  reinserted,  and  run  to 
bake  out  water  vapor,  pulled  out  and  charged  with  a new 
material,  and  be  running,  all  within  five  minutes.  W/e 
have  used  this  source  with  Ca.  Sr.  Mg.  Ba.  Zn.  Cd.  Yb. 
and  Ku. 


' I H K Rainbow  and  I . 0.  Schearer.  Hull.  Am.  tins.  Soc.  20, 
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Fir,.  I.  blowing  hollow  cathode  lamp.  Air  is  blown  over  the  Pyrex 
jacket  near  the  discharge  region. 
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THE  VIOLATION  OF  THE  F KANC K -CONDON  PRINCIPLE 
IN  PENNING  IONIZATION 


W.  F.  Parks 


University  of  Missouri  - Rolla,  Roll.*,  Mo.  65401  USA 


It  has  been  generally  assumed  that  Penning  ionization 
can  be  described  as  a Franck-Condon  process.  It  is  shown 
that  the  electronic  transition  amplitudes  encountered  in 
Penning  ionization  are  not  in  general  slowly  varying  func- 
tions of  the  interatomic  distance  in  comparison  to  the 
variation  of  the  interatomic  wave  functions.  The  necessary 
conditions  for  application  of  the  Franck-Condon  are  there- 
fore not  satisfied  and  the  assumption  is  in  error.  An 
immediate  result  is  that  the  rather  simple  relationship 
between  the  energy  distribution  of  the  ejected  electrons 
•nd  the  interatomic  potential  curves  developed  in  the  semi- 
classical  theory  will  not  hold.  In  that  theory  the  possible 
energies  of  the  ejected  electrons  depend  on  the  structure 
°*  the  interatomic  potentials.  In  contrast  when  the  assump- 
tion of  the  Franck-Condon  principle  is  not  made  it  is  found 
that,  with  typical  electronic  transition  amplitudes,  the 
energy  distribution  will  have  an  appreciable  width  even  in 
?he  absence  of  potential  variations. 

As  examples  the  electron  energy  distributions  found1'2 
*or  the  processes 

HeM(3S)  + H 
and  HeM(3S>  + A 

*r*  discussed. 
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ABSTRACT 

The  lifetime  of  various  rotational  levels  of  the  v1  = 0 and  1 vi- 
brational states  of  the  A 2a  state  of  CH  are  reported.  The  lifetimes 
for  the  various  levels  were  nearly  constant  with  the  rotational 
quantum  number  N'.  For  the  v'  = 0 level  it  was  508  + 25  ns  and  for 
the  v'  = 1 level,  it  was  514  + 33  ns.  The  band  head  lifetime  was 
500  ns  and  these  lifetimes  are  very  close  to  the  band  head  lifetime. 
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The  present  investigation  was  begun  because  of  the  unusual  results 
reported  by  Anderson,  et.  al.*  They  reported  irregular  variations  of 
lifetime  over  the  band  corresponding  to  the  A2a  - X2*  transition  in  CH. 

They  made  measurements  at  various  positions  in  the  band  with  a low  re- 
solution monochromator  and  could  not  resolve  individual  rotational  tran- 
sitions. They  excited  the  CH  radical  with  a pulsed  r-f  discharge  which 
was  terminated  in  15  ns,  but  the  decay  curves  were  recorded  on  a boxcar 
integrator  and  X-Y  recorder.  As  a result,  they  could  not  measure  weak 
CH  emissions.  Since  there  is  a many-line  H2  spectrum  in  this  region, 
the  possibility  of  overlap  of  CH  and  H2  lines  could  not  be  ruled  out. 

In  the  present  study  the  same  pulsed  r-f  discharge  was  employed, 
but  the  spectral  lines  were  resolved  on  3/4  m Spex  monochromator  with 
a 0.1A  resolution  and  weaker  signals  could  be  observed  since  the  delayed 
coincidence  detection  technique  was  used.  Now  the  rotational  lines  of 
the  A2a  - X2u  transition  were  resolved  from  the  heavily  quenched  H2  lines. 

A similar  effect  was  noted  in  our  measurements  of  the  lifetime  of  the 
rotational  levels  of  the  B2e"  state  . This  overlap  of  the  CH  and  H2 
spectra  at  low  CH4  pressures  made  it  difficult  to  measure  the  CH  life- 
times accurately  at  very  low  pressures. 
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Erman  has  measured  the  lifetime  of  rotational  levels  of  the  vi- 
brational v'  = 0 and  1 levels  for  the  A2a  state  by  the  high  frequency 
deflection  method  in  which  an  electron  beam  is  rapidly  terminated  by 
high  frequency  deflection  of  it  past  a slit.  He  could  resolve  A doubling 
components.  The  lifetimes  for  both  A doubling  components  of  the  rotational 
states  N1  = 6 to  23  for  the  vibrational  level  v1  = 0 were  nearly  constant 
and  both  had  the  same  value  of  534  + 5 ns.  However,  a different  behavior 
was  observed  for  the  lifetime  of  the  rotational  levels  of  the  v'  = 1 
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state.  In  this  case  the  lifetime  for  both  a doubling  components  de- 
creased continuously  for  N1  > 11  between  11  and  16.  The  lifetime  of 
the  "d"  component  reached  an  almost  constant  value  of  365  ns  for  N'  >_ 

16,  while  the  "c"  component  passed  through  a minimum  of  354  ns  at  N'  = 

18  and  increased  again  to  368  ns  at  N'  = 20.  The  N'  = 11  level  coin- 
cides with  the  dissociation  limit  of  the  X2u  ground  state  and  he  inter- 
preted this  behavior  as  an  unobserved  predissociation  of  the  CH  A state 
by  the  overlap  of  the  vibrational  wavefunctions  of  the  A2A  state  with 
the  continuum  wavefunction  of  the  X2u  ground  state.  A spin-orbit  and 

4 

rotational-electronic  coupling  leads  to  a predissociation  of  this  type. 

In  our  study  the  A doubling  components  could  not  be  resolved.  We 
observed  a nearly  constant  lifetime  of  the  rotational  levels  of  the 
v‘  = 0 state  for  N'  = 6 to  20.  This  result  agreed  with  those  observed 
by  Erman,  except  our  constant  value  was  approximately  508  + 25  ns.  This 
was  very  close  to  the  band  head  lifetime  of  the  system  which  is  500  ns. 

From  our  limited  measurements  of  the  rotational  levels  for  the  v1  = 1 
vibrational  state  there  may  not  be  a drop  in  lifetime.  From  our  limited 
measurements  the  lifetime  was  514  + 33  ns  which  is  similar  to  the  value 
obtained  for  the  rotational  states  of  the  v'  = 0 levels.  The  data  are 
displayed  in  Figure  1. 
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The  difference  between  our  data  and  those  of  Erman  may  be  caused 
by  the  erroneous  removal  of  the  lifetime  of  the  H2  lines  from  the  data 
which  will  tend  to  produce  a complex  decay.  The  H2  molecular  emission 
has  a zero  pressure  lifetime  near  100  ns.  Further,  any  nitrogen  impurity 
could  cause  an  error  in  lifetime  measurements.  The  first  negative  system 
of  N2+  has  an  intense,  extended  band  system  starting  at  4278A  and  extending 
to  4130A.  The  N2+  first  negative  zero  pressure  lifetime  is  65  ns.  This 


experiment  should  be  repeated  by  some  other  investigators  with  a different 
technique,  for  its  results  may  explain  the  formation  of  CH  in  interstellar 
space.  If  a predissociation  of  the  v'  = 1 level  of  the  A2a  state  by  the 
X 2 tt  state  is  possible,  this  is  a possible  inverse  mechanism  for  the  forma- 
tion of  the  CH  molecule  observed  in  interstellar  space. 


008 


ROTATIONAL  QUANTUM  NUMBER  (N') 


5 


Caption 

Figure  1.  The  lifetime  of  rotational  levels  of  the  A 
o corresponds  to  v'  =0  levels,  A corresponds  to  v'  = 
and  O corresponds  to  the  band  head  lifetime. 
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A High-Power  Pulsed  Xenon  Ion  Laser  as  a Pump  Source  for  a 

Tunable  Dye  Laser 


LAIRD  I)  SCIII  ARl  R 


Abstract  -An  inexpensive  pulsed  xenon  ion  laser  with  peak  power 
outputs  up  to  4 kW  has  been  constructed  and  used  as  a pump  source  for 
a tunable  rhodamine  M.  dye  laser  with  a 0.25  a bandpass  in  the 
yellow-red  range  of  the  spectrum.  The  dye  laser  is  tunable  from  5465 
to  6300  A.  Over  50  W are  obtained  at  the  peak  of  the  tuning  range. 
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I Ini kodik  i ion 

THERL  has  been  considerable  receni  inieiesl  in  the  pulsed 
xenon  ion  laser  1 1 1 - 1 4 1 . The  interest  sterns  primar- 
ily  Irom  the  simplicity  of  a high  gain  laser  system  which  is 
capable  of  relatively  high  peak  power  emission  in  the  blue- 
green  region  of  the  spectrum  accompanied  by  relatively  long 
pulsewidths.  We  have  investigated  the  properties  of  a high- 
power  pulsed  xenon  ion  laser  and  its  use  as  a pump  source  for 
a tunable  dye  laser.  Peak  pulse  powers  of  4 kW  and  pulse 
durations  up  to  1 ps  have  been  obtained  in  a 1 20-cm  X 4-mm 
xenon  discharge  at  pressures  between  5 and  30  m torr.  The 
high  peak  power  available  in  the  xenon  laser  has  enabled  us  to 
use  it  as  a pump  source  for  a rhodamine  6G  dye  laser  which  is 
tunable  from  S465  to  6300  A with  a 0.25-A  bandwidth  At 
the  peak  of  the  dye  laser  output,  ~ 5750  A,  we  obtain  over 
50  W of  peak  power  with  500-ns  pulsewidths. 

In  the  sections  following  we  describe  the  operating  charac- 
teristics of  our  pulsed  xenon  laser  and  its  use  as  a pump  source 
in  the  design  and  construction  of  the  tunable  dye  laser  system. 


II.  Xknon  Ion  Laskk 

Data  obtained  in  earlier  work  on  this  type  laser  system  are 
summarized  in  Table  I along  with  the  results  of  our  work.  It  is 
important  to  note  that,  based  on  the  volume  of  the  excited 
gas.  the  work  reported  here  represents  a substantial  improve- 
ment in  both  the  peak  pulse  power  and  pulse  duration  ob- 
tained. In  particular,  we  compare  the  results  of  our  work  with 
that  of  Hansch  el  al  |3| . It  was  the  report  of  their  work  on 
the  xenon  laser  and  dye  laser  that  provided  the  initial  motiva- 
tion for  the  work  we  report  here.  The  particular  aspect  of  the 
Hansch  el  al.  work  which  attracted  our  attention  was  the  low 
construction  cost  and  simplicity  of  design  of  the  xenon  laser 
and  the  dye  laser  system. 

The  only  work  which  reports  a higher  peak  power  than  that 
reported  here  is  that  of  Gundersen  and  Harper  [4 ] who  ob- 
tained approximately  80-kW  peak  pulse  power.  Their  laser 
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fig.  I . Pulsed  xenon  ion  laser  and  electrical  discharge  circuit 


tube,  however,  was  over  10  ft  in  length  with  a bore  area 
approximately  20  times  gieater  than  the  one  we  used . 
re  The  active  length  of  the  discharge  lube  was  120  cm  with  a 
,s  bore  diameter  of  4 mm.  The  laser  lube  length  was  supple- 
merited  by  an  additional  25  cm  at  each  end  between  the 
c'  internal  electrodes  and  the  windows  which  terminated  the 
laser  tube.  The  electrodes  arc  high-current  indium  cathodes 
'I1  constructed  hy  melting  pure  indium  metal  around  the  tungsten 
,n  electrodes  [5).  The  additional  spacing  between  the  electrodes 
n-  and  Brewster  windows  was  provided  to  reduce  the  possibility 
ie  of  window  contamination  by  sputtering  ol  the  metal  at  the 
w electrodes.  The  laser  tube  also  included  a ballast  lube  as 
er  shown  in  Fig.  I . 

We  utilized  a number  of  electrical  circuits  lor  the  pulsed 
at  excitation  of  the  laser  discharge  tube.  The  first  method  and 
b-  probably  the  simplest  we  utilized  was  that  described  by  Hansch 
er  et  al.  in  their  report  on  the  xenon  laser  1 3 1 I he  powci  supply 
consisted  of  a I 5-kV  60-mA  high  voltage  trarislormei  il  'lie 
jn  type  used  to  excite  neon  signs  and  a bank  ol  twenty  two 
n't  500-pF  capacitors  connected  across  the  Iran '.lotrncr  iirininul . 
111  and  laser  clecliodes.  In  this  condition  the  laser  tube  'b  .ihuipcd 
Jrl  at  a 1 20-Hz.  rate,  i.e..  on  each  hall-cycle 

With  an  80-percent  output  reflector  in  place  we  obtained 
Copyright  ©1 97  J by  The  Institute  of  Electrical  and  Electronics  Engineers,  Inc. 
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icsults  uiciil ic:il  with  those  teporlcd  hy  Hanscli  cl  til  | 3| 

I licit-  woe  eight  visible  lines  observed  in  lasei  emission  ranging 
Iioiii  the  violet  al  4300  A to  the  orange  al  5056  A.  I lie  maxi- 
mum peak  powei  output  obtained  was  100  W with  lasei 
puKewidths  up  to  450  ns. 

With  i he  ciicuil  described  pieviously  the  pulse  repetition 
late  was  erratic  with  many  skipped  pulses  We  had  addiltpn.il 
dillieulty  with  peiiodie  lailuie  ol  the  dooiknob  eapaeilois.  As 
a lesull  ol  these  difficulties  we  abandoned  this  excitation 
method  arid  colisliucled  a spaik-gap-luggeied  disehaige  I he 
importanl  tea  lures  ol  the  spaik  gap  .tie  its  exceptionally  low 
inductance,  its  capacity  toi  holding  oil  luglt  voltages,  and 
when  it  does  bleak  down,  its  capacity  ol  transferring  huge 
quantities  ol  electrical  charge  Our  triggered  spaik  gap  has 
piopeiiies  sunil.ii  to  those  ol  commeici.il  manufacture. 

The  capacitive  discharge  circuit  is  shown  as  part  ol  Fig,  I 
When  die  propeities  of  the  lasei  system  were  evaluated  with 
this  circuit  we  obtained  a substantial  increase  in  both  peak 
power  and  laser  pulse  duration 

The  peak  pulse  power  obtained  and  the  pulsewidth  as  a 
function  of  the  charging  voltage  on  a 0.2-pF  capacitor  aie 
shown  iri  Tig  2.  These  data  were  obtained  when  the  laser 
pressure  was  optimized  for  maximum  power.  Table  II  stim- 


Fig.  2 l aser  pulse  shapes  obtained  at  various  charging  voltages  for  a 
0.2-hI  capacitor  the  curves  were  obtained  with  a high-speed  silicon 
photodiode  and  a PAR  boxcar  integrator  The  scale  shown  on  the 
horizontal  axes  represents  time  delays  alter  a trigger  putse  is  applied 
lo  the  spark  gap. 
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maiizes  typical  peak  powers  obtained  lor  seven  of  the  eight 
observed  liansilions 

Ibis  laser  system  was  capable  ol  repetition  rales  from  single 
shot  up  to  t()  Hz  I lie  upper  limit  is  determined  by  lire  pres- 
ent  capacity  ol  out  power  supply.  From  the  energy-pcr-pulse 
measurement  and  the  repetition  rale  one  can  obtain  the 
average  lasei  powei  output  The  highest  average  power  we 
obtained  was  appioxnnalcly  20  inW 

The  data  shown  were  obtained  with  an  KO-pcrcent  broad- 
band icllccimg  output  inuror  In  an  effort  to  determine  the 
optimum  output  coupling  we  repealed  Ihc  power  measure- 
ments lor  output  mu ■ oi  leflcctivilics  of  OH.  50.  and  20  per- 
cent Al  OH  percent,  tile  power  output  was  reduced  by  a 
laelor  ol  2 Al  20  percent  the  output  power  was  down  an 
older  id  magnitude,  while  with  the  50-pcrccnl  mirror  similar 
results  were  obtained.  We  thus  conclude  that  the  mirror 
reflectivity  required  tor  optimum  power  output  lies  between 
50  and  HO  percent. 

I he  availability  of  substantial  laser  oulpul  power  even  with 
miirors  winch  transmit  HO  percent  of  the  incident  optical 
energy  is  an  indication  of  the  relatively  large  gain  of  several  of 
the  laser  transitions.  Ibis  in  turn  suggests  dial  relatively  lossy 
elements  can  be  inserted  in  the  optical  cavity  while  still  main- 
taining laser  action.  As  a next  step  in  this  work  the  addition 
of  a nonlincai  crystal  in  the  optical  cavtiy  is  planned  to 
attempt  inlracaviiy  frequency  doubling  of  the  Xe  ton  laser 
emission. 


Ill  lur  Tunabi  k Dyi  L.askh  Cavity 

Several  dye  laser  eavioies  have  been  developed  in  the  past 
for  use  in  CW  dye  laser  applications.  In  these  systems  one 
needs  a cavity  design  which  provides  an  intraeavity  focus  to 
meet  the  pumping  requirements.  In  CW  systems  pump  power 
is  at  a premium  and  the  pump  beam  is  generally  focused  to  a 
small  spot  It)  provide  a high  energy  density  within  the  dye. 
One  also  desires  a long  cavity  length  as  well,  for  tuning 
purposes. 

Cavity  configurations  which  satisfy  these  requirements  arc 
resonators  with  an  internal  lens  or  the  equivalent  three-mirror 
cavity  (6] . 

Ilansch  cl  at  constructed  a three-mirror  resonator  and 
pumped  the  dye  with  the  output  of  their  pulsed  xenon  ion 
laser.  With  rhodamine  6G  dye  they  obtained  I 2 W of  peak 
power  at  5700  A.  The  resolution  of  the  dye  laser  emission 
they  reported  as  <100  A.  However,  they  did  not  include  a 
frequency-selective  element  inside  the  dye  laser  cavity.  Con- 
sequently. the  dye  laser  output  was  not  tunable  and  their 
laser  output  had  poor  resolution. 

The  three-mirror  resonator  of  |6]  was  modified  slightly  by 
replacing  the  flat  mirror  ( I ) by  a 1200-l/mrn  grating  in  Littrow 
mount  as  shown  in  Fig.  3.  Mirrors  1 and  2 are  highly  reflec- 
tive over  a broad  hand  and  have  radii  of  curvature  of  5 and 
10  cm,  respectively.  When  the  mirrors  are  separated  by  10  cm 
there  is  a tightly  focused  spot  at  the  center  of  the  2 mirrors. 
At  this  point  a cell  of  thickness  I mm  containing  a I0"3  M 
solution  of  rhodamine  6G  dye  in  ethanol  is  inserted  at 
Brewster's  angle.  The  dye  is  contained  in  a sealed  cell.  It 
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Ilf!  .V  Ille  astigmatic  dye  cavity  A I 200-l/inm  grating  is  used  as  I tic 
output  reflector. 

was  found  unnecessary  to  How  the  dye.  The  grating  is  located 
25  cm  from  mirror  2.  A two-power  telescope  is  used  inside 
the  cavity  as  shown  to  expand  the  beam  on  the  grating. 

The  xenon  ion  laser  light  is  focused  on  the  dye  cell  by  a 
20-em  fL  spherical  lens  as  shown.  When  properly  adjusted  the 
dye  system  lases  with  no  difficulty.  The  dye  output  is  taken 
from  the  zero-order  diffraction  from  the  grating  which  was 
blazed  for  5000  A.  No  system  degradation  over  many  days 
was  observed  by  using  a sealed  dye  cell  containing  0.1  ml  at 
repetition  rates  to  30  Hz. 

With  the  dye  laser  system  described  in  the  preceding  section 
pumped  by  our  xenon  ion  laser  we  were  able  to  obtain  sub- 
stantially higher  peak  power  outputs  from  the  dye  laser  than 
that  reported  by  Hansch  et  al.  In  addition,  the  presence  ol  the 
grating  permits  tuning  of  the  dye  laser  output  and  results  in  a 
much  higher  resolution  of  the  laser  emission. 

Our  tuning  width  with  rhodamine  60  ranged  front  approxi 
mately  5465  to  6300  A,  with  a bandwidth  of  less  than  0.25  A. 
The  peak  output  power  at  the  center  of  the  tuning  range  was 
50  W The  dye  laser  pulsewidth  was  slightly  shorter  (~20  per- 
cent) than  the  xenon  pump  pulse.  The  power  tuning  range  we 
obtained  for  rhodamine  6G  is  shown  in  Fig.  4.  The  dye  laser 
gain  pumped  by  the  xenon  laser  is  sufficiently  great  that  the 
system  lases  even  when  a clear  quartz  plate  is  used  as  the  out- 
put reflector. 

This  is  the  first  reported  instance  of  a tunable  dye  pumped 
by  a repetitively  pulsed  xenon  ion  laser.  Without  the  tele- 
scope. the  dye  laser  bandwidth  was  about  2 A with  a peak 
power  output  of  100  W at  the  center  of  the  tuning  range. 

Rhodamine  B dye  was  used  also;  contrary  to  expectations  it 
did  not  provide  operation  further  into  the  red  than  rhodamine 
6G.  This  may  be  more  a property  of  the  dye  mirrors  and 
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I iy.  4.  I’uvaci  tuning  cuivc  iw  ilioit.mmu'  #>(».  Bamlwnllh  in  Icsn  Hun 
0.25  A over  entire*  ran^c.  I*ulscwulili  is  350  ns.  Pump  power  in 
approximately  I (»  kW 

grating  used  which  were  siandaid  commercial  reflectors  for 
rhodamine  6G  than  any  inherent  difficulties  with  the  pumping 
source. 

The  attractive  features  of  this  xenon  pumped  dye  laser  are 
the  relatively  high  repetition  rates  and  the  relatively  long 
pulsewidths  available  in  a simple,  inexpensive  system.  The 
0.25-A  bandpass  obtainable  with  the  grating  telescope  combi- 
nation should  make  this  a valuable  tool  in  atomic  spectros- 
copy. We  also  note  that  a considerable  improvement  in  the 
efficiency  of  the  system  and  the  bandwidth  should  be  possible 
by  using  coated  optics  in  the  telescope  and,  in  general,  by 
upgrading  the  quality  of  the  components. 
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Radiative  lifetimes  of  some  group  II  ions  by  the  Hanle  effect 
in  a fast-flowing  helium  afterglow* 

F.  H.  K.  Rainbow  and  L.  D.  Schearer 

Physics  Department.  University  of  Missoun-Rolla.  Rolla.  Missouri  65401 
(Received  I July  1476) 

Radiative  lifetimes  of  the  first  ' P j„  state  of  Mgii.  Call,  Znu.  Srii,  Cdn,  and  Ban  are  reported  as  measured 
by  the  Hanle  effect  in  a Iasi  flowing  helium  afterglow  They  are,  respectively.  3 63(0.12),  6 61(0  30).  2 4(0,3), 
6b*(0  10).  2 86(0  25),  678(040)  in  units  of  10  ' sec  The  ioni  in  the  afterglow  are  created  by  Penning 
ionization  of  the  neutral  metal  atoms,  thus  providing  a sleady-state,  field-free  region  for  observation 
Comparisons  are  made  with  measurements  by  other  methods,  and  discrepancies  are  discussed 


INTRODUCTION 

Radiative  lifetimes  and  depolarization  cross  sec- 
tions are  important  parameters  of  excited  states  of 
ions.  They  serve  not  only  as  a test  of  existing 
theories  but  are  also  useful  for  astrophysical  cal- 
culations and  for  understanding  relaxation  mech- 
anisms in  discharges  and  afterglows.  We  have 
measured  radiative  lifetimes  of  the  first  *P3/2 
level  of  six  group  II  ions  by  the  Hanle1  effect  in 
a fast-flowing  helium  afterglow.  These  are  the 
first  measurements  on  group  II  ions  reported  in 
a flowing  afterglow. 

Until  the  Hanle  measurements  of  Smith  and  Gal- 
lagher it  was  common  to  have  uncertainties  on  the 
order  of  ±30%  in  the  measurements  of  group  11 
excited- ion  lifetimes.2'3  Some  of  this  earlier  work 
utilized  the  Hook  method4  and  the  arc  method.5  In 
the  case  of  the  Hook  method,  the  large  uncertainty 
was  mostly  due  to  the  difficulty  in  measuring  the 
ion  density  absolutely.  The  accuracy  of  the  Hanle 
technique,  on  the  other  hand,  depends  only  on 
knowing  the  relative  densities,  or  working  in  the 
limit  of  very  low  densities  at  which  collisional  and 
radiation  trapping  effects  vanish. 

Gallagher  and  Smith  reduced  these  large  uncer- 
tainties to  ± 5%  or  less  by  the  Hanle  effect  in  a 
pulsed  argon  afterglow  for  several  group  II  ions. 

A recent  measurement  of  Kelly  et  al.6  by  the  Hanle 
effect  on  the  Srii  2P3/2  lifetime  departed  seriously 
from  the  value  reported  by  Gallagher  and  Smith. 
Kelly  reported  measuring  a very  large  depolariza- 
tion cross  section  with  the  Sr  neutral,  and  also  ob- 
tained a lifetime  some  15%  shorter  than  Gal- 
lagher’s value.  Kelly’s  measurements  were  made 
by  the  Hanle  effect  in  a cw  discharge  of  Sr  with- 
out a noble-gas  buffer.  This  large  difference  in 
the  Sr  II  lifetime,  together  with  the  lack  of  high- 
precision  data  on  most  group  II  ions  (other  than 
Gallagher’s)  led  us  to  remeasure  the  radiative 
lifetimes  of  several  group  II  ions  in  the  2P3/2 
state . 
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APPARATUS 

The  flowing  afterglow  is  especially  well  suited 
for  measuring  lifetimes  and  alignment  depolariza- 
tion cross  sections  by  the  Hanle  effect.  It  allows 
for  rapid  change  and  easy  monitoring  of  system  pa- 
rameters, such  as  relative  ion  density  and  buffer- 
gas  pressure.  Thus,  collisional  depolarization  and 
coherence  narrowing  can  easily  be  controlled  and 
their  effects  observed.  Also  the  material  under 
study  can  be  quickly  and  easily  changed  so  that 
lifetimes  of  many  different  species  can  be  studied 
in  the  same  apparatus  over  a short  period  of  time. 
Another  advantage  is  that,  unlike  a beam  apparatus 
or  a sealed  cell,  high- vacuum  techniques  are  not 
necessary  since  flow  rates  are  many  orders  of 
magnitude  greater  than  outgassing  rates. 

Since  the  techniques  and  apparatus  utilized  here 
were  reported  m detail  in  a previous  paper  on  Yb,7 
only  a brief  discussion  of  a few  pertinent  features 
appears  here.  The  flow  tube  is  evacuated  by  a 
540  ft3  min*1  mechanical  pump  and  a Roots  blower. 
Flow  velocities  are  on  the  order  of  104  cm  sec'1 
with  background  helium  pressures  in  the  range  of 
0.1-1  Torr.  Of  particular  interest  is  the  method 
of  production  of  the  ion  ground- state  density.  A 
microwave  cavity  at  the  entrance  to  the  flow  tube 
is  used  to  produce  a discharge  in  helium.  By  the 
time  the  flow  reaches  the  interaction  region,  the 
major  constituents  are  helium  metastables  and 
helium  neutrals.  With  a judicious  setting  of  the 
discharge  intensity,  a helium  metastable  density 
on  the  order  of  10“  cm*3  can  be  obtained  in  the 
interaction  region  with  a background  helium  neu- 
tral density  on  the  order  of  10“'  cm*3  and  a helium 
ion  density  of  about  1010  cm*3.  The  reactant  neu- 
tral is  titrated  into  the  interaction  region  by  a 
furnace  wound  with  coaxial  heater  wire.  Penning 
ionization  by  the  helium  metastables  (He")  pro- 
duces copious  quantities  of  the  reactant  ions  in 
steady  state  in  a field-free  region.  Typical  cross 
sections  for  this  familiar  reaction,  He"+X -He 
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+X*  +e,  are  greater  than  10' 15  cma.*  Hereof  is 
the  reactant  atom.  Ion  densities  as  high  as  10'° 
cm'5  are  estimated  by  optical  absorption.  This 
technique  for  producing  ions  releases  us  from 
concerns  over  perturbations  due  to  an  ionizing 
electric  field,  and  decreases  necessary  signal 
accumulation  times  over  pulsed  techniques. 
Another  advantage  of  this  configuration  is  the 
in  situ  magnetic  field  calibration  it  allows.  The 
He"  atoms  are  optically  pumped,  and  magnetic 
resonance  is  performed  with  the  10  830  A light 
monitored  in  transmission,  thus  creating  a he- 
lium magnetometer. 


MAGNE  T 1C  FIELD  (GAUSS) 

KKJ.  1.  Computer  fit  to  lorentzian  of  the  P Sr  II 
lliuilc  signal. 


EXPERIMENTAL  TECHNIQUE 

Briefly,  the  Hanle  effect  is  a well  used  zero- 
field  level  crossing  technique,  in  which  optical 
resonance  radiation  is  used  to  coherently  excite 
atoms  in  the  presence  of  a magnetic  field.  The 
resulting  fluorescence  is  plotted  as  a function  of 
the  magnetic  field,  and  from  this  plot  the  life- 
time can  be  obtained  as  a function  of  the  g factor. 
Measurement  methods  were  described  in  detail  in 
Ref.  7.  They  will  be  only  briefly  reiterated  here. 
The  geometry  and  polarization  used  is  such  that 
the  Hanle  signal  reduces  to  a Lorentzian,  (1  +X2)* 1 
where  x = 2giiHr/h.  Here  g is  the  Lande  g factor, 
p the  Bohr  magneton,  H the  magnetic  field,  r the 
lifetime,  and  h Plank’s  constant  reduced. 

A unique  complication  arises  with  the  ion  Hanle 
signal.  Since  the  ions  interact  with  the  magnetic 
field,  the  ion  density  is  a slowly  varying  smooth 
function  of  the  magnetic  field.  Also,  the  Penning 
reaction  heavily  populates  the  2P3/2  ion  level.  The 
intensity  from  the  resulting  transition,  2P3/2-2Sl/2, 
obscures  the  direct  observation  of  the  Hanle  signal 
on  an  oscilloscope,  and  shows  the  same  ion-density 
field  dependence.  Field-dependent  intensity 
variations  of  the  ion  emission  in  the  absence 
of  the  optical  resonance  excitation  were  subtracted 
from  the  Hanle  signals  on  alternate  sweeps  of  the 
magnetic  field.  From  this  information,  the  ion 
field  dependence  was  removed  from  the  Hanle  sig- 
nal. 

The  corrected  Hanle  signal  was  then  computer 
fitted  to  a Lorentzian  by  a nonlinear  least-squares 
technique.  A typical  result  of  the  corrected  signal 
fit  to  a Lorentzian  is  shown  in  Fig.  1.  An  attempt 
to  fit  the  uncorrected  signal  to  a Lorentzian  gen- 
erally resulted  in  a very  poor  fit  and  an  error  of 
as  much  as  15%  in  the  width. 

It  is  well  known  that  at  moderate  densities,  co- 
herent multiple  photon  scattering  narrows  the  mea- 
sured Hanle-effect  linewidth.”  Measurements  were 
taken  over  an  order-of-magnitude  relative  ion  den- 
sity to  look  for  coherence  narrowing.  In  the  ion 


density  region  of  our  experiment,  less  than  1010 
cm'3,  coherence  narrowing  was  not  observed  with- 
in experimental  error.  After  coherence  narrowing 
was  determined  to  be  negligible,  attention  was 
turned  to  collisional  depolarization.10  The  colli- 
sional  depolarization  effect  can  be  described  by 
the  equation 

1/t  = l/r0  + mrr  , 

where  tu  is  the  true  radiative  lifetime,  n is  the 
helium  density,  a is  the  alignment  depolarization 
cross  section,  and  v is  the  relative  collisional 
velocity.  When  the  collisional  depolarization  term 
nav  is  not  very  much  smaller  than  the  radiative 
decay  constant  1/t0,  the  collisional  term  must  be 
eliminated  by  extrapolation  to  zero  helium  density 
Figure  2 shows  such  a plot  for  the  Sr  II  2/5J/2. 

Since  Ba  and  Cd  have  a relatively  high  percentage 
of  odd  isotopes  in  natural  abundance,  it  was  deemed 
necessary  to  calculate  their  effect  on  the  Hanle 
signal  linewidth.  The  calculation  was  carried  out 
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FIG.  2.  Extrapolation  to  zero  helium  pressure.  Data 
shown  is  for  Sru  ^3/2  Hanle  signal. 


r 


mm 


■ ■am*?'.-'  ■ 


'i 


i 


! 


I 


14  K A I)  I AT  I V I I I I I I I M I S Ol  SO  M I I.KOHI'  II  IONS  BY  I II  I 17-17 


TAIII.E  I.  Radiative  lifetimes  of  some  group  II  2/',  Ions. 


Element 

Configuration 

T (10"*  HOC) 
This  work 

o (10* 15  cm2) 
Thin  work 

t (10" 9 sec) 
Other  work 

Mg 

3 P 

3.65(0.12) 

5.05(2.8) 

3.67(0.18) * 

Ca 

4 P 

6.61(0.30) 

10(2.8) 

6.72(0.2)  * 

Zn 

4 P 

2.1(0.3) 

... 

:i.0(().3)  b 
:j.  1(0.4) r 

Sr 

3P 

<*».<V!(0. 19) 

9.5(1.61 

6.53(0.20)  ■’ 
5.63(0.17) d 

Cd 

up 

2.8(i(0.2.fi) 

2. 6(0.2)  c 
3.4(0. 1)  h 
3.4(0. 7)  ‘ 

Ba 

(ip 

0.78(0.40) 

19(6) 

6.27(0.25)  a 
7. 0(0. 6) f 

1 I.ifetime  by  Hanle  effect.  References  2 and  2. 

h I.ifetime  by  beam-foil  technique.  T.  Anderson  and  G.  Sorensen,  J.  yuanl.  Spectrose. 


Radial.  Transfer  13,  3159  (1972). 

c I.ifetime  by  phase-shift  technique.  S.  R.  Bauman  and  W.  II.  Smith,  J.  Opt.  Soc.  Am.  60, 
345  (1970). 

i I.ifetime  by  Hanle  effect.  Reference  6. 

* Lifetime  by  the  Hanle  effect.  Reference  13. 

f Lifetime  by  Hanle  effect.  H.  Bucka,  J.  Eiehler,  and  G.  V.  Oppen,  Z.  Naturforsch.  21, 
654  (1966). 

in  the  same  manner  as  described  in  detail  in  Ref. 

7.  The  effect  is  estimated  to  be  no  more  than  a 
2%  broadening  for  Ba  and  3%  broadening  for  Cd. 

Isotope  effects  in  the  other  materials  will  be  in- 
significant because  of  the  low  natural  abundance.1 
We  have  chosen  not  to  incorporate  the  hyperfine 
effect  into  the  lifetimes,  but  rather  state  it  as  an 
added  uncertainty. 

EXPERIMENTAL  RESULTS 

Table  1 is  a compilation  of  our  results  along  with 
those  of  other  authors.  Our  data  represent  the 
first  lifetime  measurements  in  a flowing  helium 
afterglow  on  group  n ions.  Here,  by  a single 
technique  in  a single  apparatus,  we  present  radi- 
ative lifetimes  for  six  group  II  ions  in  the  2P%/2 
state.  Any  systematic  error  would  therefore  be 
expected  to  appear  in  all  measurements.  Error 
bars  given  in  the  data  are  always  greater  than  rms 
scatter  and  should  at  least  partially  compensate  for 
any  systematic  error. 

Our  data  are  in  extremely  good  agreement  with 
that  of  Gallagher  and  Smith.  Interestingly  enough, 
the  only  significant  disagreement  with  their  data 
is  the  Ban  lifetime,  which  is  closer  to  the  value 
of  Bucka11  et  al.  There  is  significant  disagreement 
between  Kelly’s  value  for  the  Srii  lifetime,  and 
that  of  Gallagher  and  our  own.  Our  greatest  source 
of  experimental  error  was  from  the  ion  background 
field  dependence,  as  described  previously.  Had  we 
not  corrected  for  this  effect,  our  measured  life- 


time would  have  been  about  5.7  nsec,12  very  near 
Kelly’s  5.63.  Unfortunately,  we  could  not  test 
Kelly’s  claim  of  high  depolarization  cross  section 
from  collisions  with  neutral  Sr  since  our  neutral 
density  were  so  low  ("  1012  cm"1).  His  value  for 
the  depolarization  cross  section  of  8.4  x 10"13  cm2, 
even  though  large,  would  have  an  insignificant  ef- 
fect on  our  measured  lifetime. 

Our  lifetimes  for  Znli  and  Cdll  2P3/2  levels  are 
consistently  15%  shorter  than  measurements  by 
beam-foil  and  phase-shift  techniques.  Hamel  and 
Barrat13  have  measured  the  lifetime  of  Cd  II  by  the 
Hanle  effect  in  a dc  discharge  with  He  as  the  buffer 
gas.  Our  lifetimes  agree  with  theirs  to  within  ex- 
perimental error . They  also  report  a depolariza- 
tion cross  section  with  He  of  4.6 x 10" 15  cm2.  At 
the  low  helium  pressure  of  our  experiment,  this 
effect  would  be  very  small  compared  to  the  error 
bars.  For  the  same  reason,  the  depolarization 
cross  section  for  Zn  was  not  measured.  From  the 
other  measurements  it  is  expected  to  be  s 10" M 
cm2 , and  again  would  have  negligible  effect  on  our 
lifetime  measurement,  which  was  taken  at  about 
0.2-Torr  He  compared  to  the  1-4  Torr  range  of 
Ref.  13. 

The  depolarization  cross  sections  reported  here 
have  large  experimental  errors  because  the  pres- 
sure range  covered  was  too  small  for  some  of  the 
small  width/Torr  slopes  encountered  when  plot- 
ting width  versus  helium  pressure.  The  values 
obtained  here,  however,  do  fall  within  the  range 
predicted  for  ion-atom  collisions.’ 
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Rotational  and  predlssociation  lifetimes  of  the  A 2Z  ’ state  of  OD* 
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The  lifetime  and  predlssociation  probabilities  of  various  rotational  levels  of  the  A ‘X ' state  of  OD  were 
measured  A strong  predlssociation  at  V = 35  was  observed.  This  predissociation  could  be  explained  by 
the  level  crossing  of  the  A 1 ' slate  with  the  repulsive  'X  state  which  are  mixed  by  a weak  spin-orbit 
interaction 

Index  Headings  Spectra;  Deuterium 


In  recent  years  there  have  been  many  lifetime  mea- 
surements1-11 of  the  A2L*  state  of  both  OH  and  OD.  The 
most  comprehensive  measurements  were  those  Elmer- 
green  and  Smith,1  Sutherland  and  Anderson,2  and  Ger- 
man. 3 Elmergreen  and  Smith  measured  the  lifetime 
of  various  rotational  levels  of  the  v'  0 level  of  the 
A2X*  state  of  both  OH  and  OD.  They  noted  a strong  pre- 
dissociation in  both  systems  for  high  rotational  levels. 
Sutherland  and  Anderson’s  study  was  similar  to  that  of 
Elmergreen  and  Smith,  but  it  was  restricted  to  OH. 
German  measured  the  lifetimes  of  only  the  lower  rota- 
tional states  of  OH  and  OD.  Each  study  involved  a dif- 
ferent experimental  technique;  in  the  regions  where 
they  overlapped,  they  were  in  close  agreement.  This 
work  is  a continuation  of  the  study  by  Sutherland  and 
Anderson,  extended  to  the  A2E*  state  of  OD. 

EXPERIMENT 

The  rotational  lifetimes  of  the  v'  - 0 and  1 levels  of  the 
A2E*  state  of  OD  have  been  measured  from  N'  --  3 to  42 
for  v' - 0 and  N'=  8 to  25  for  v'  = 1.  All  lines  were  mea- 
sured at  five  different  D20  pressures;  the  zero-pres- 
sure lifetime  was  extrapolated.  The  sample  was  ROC/ 
R1C  99.  8'J  DjO.  The  DzO  was  pumped  upon  for  a long 
period  of  time  to  remove  any  gases  that  became  dis- 
solved in  it  during  transfer.  The  D20  was  continuously 
flowed  through  the  discharge;  the  pressure  was  con- 
trolled with  a stainless-steel  needle  value;  it  was  mea- 
sured with  a CVC  thermocouple  gauge  calibrated  against 
a Stokes  mercury  manometer. 

The  discharge  was  excited  by  a pulsed  rf  oscillator 
with  an  electrical  cutoff  time  of  15  ns.  This  apparatus 
was  described  in  the  earlier  paper.2  The  discharge 


dissociated  the  DzO  and  excited  the  A 2S*  state  of  OD 
in  a pulsed  fashion.  A Spex  1500  , m monochromator 
resolved  the  OD  spectral  lines;  they  were  detected  with 
a 6256S  photomultiplier.  In  order  to  resolve  the  spin 
doublets,  10  pm  slits  were  used  lor  the  (0,  0)  band; 

30  pnt  slits  were  required  for  the  (1,  0)  band  because 
of  the  low  intensity  of  the  band.  All  spectral  identifi- 
cations are  based  on  the  spectrographic  data  of  Clyne, 
Coxon,  and  Woon  Fat. 12 

Lifetime  data  were  obtained  by  use  of  the  delayed- 
coincidence  technique,  which  was  described  in  the  ear- 
lier paper. 2 This  technique  involves  the  use  of  a level 
discriminator,  a time-to-pulse-height  converter,  and 
a multichannel  analyzer,  which  was  operated  in  the 
pulse- height  mode.  The  same  apparatus  was  used  to 
scan  the  spectra,  except  that  the  multichannel  analyzer 
was  operated  in  the  multiscale  node.  The  data  were 
analyzed  on  an  IBM  370  computer. 

RESULTS  AND  DISCUSSION 

Figure  1 is  a typical  observed  spectrum.  Figure  2 
is  a typical  decay  curve  of  an  OD  line;  it  is  evident  that 
there  is  a single  exponential  decay. 

Table  I is  a comparison  of  the  results  of  this  study 
with  the  results  of  other  investigators, 1,3,*~®  for  the 
(0,  0)  band.  Figures  3 and  4 are  the  variations  of  life- 
times of  transitions  from  various  rotational  levels  of 
the  A2E*  state  for  the  two  spin  components  of  the  (0,  0) 
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E1U.  I.  OD  Hpcctrum  near  the  Innt  uliHervnlile  emisHiun  lineR.  Kit!.  2.  Log  plot  of  raw  data  from  multichannel  analyzer. 
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TABLE  1.  Comparison  o(  results  of  studies  of  lifetimes  In  the  (0,0)  band  of  OU. 


Elmergreen  el  at. 

German 

German  and  Zar e 

deZafra  el  at. 

German  el  al. 

Pretent  study 

(Ref.  1) 

(Ref.  3) 

(Ref.  6) 

(Ref.  8) 

(Ref.  9) 

S' 

F,  Ft 

r,  Fi 

F,  Ft 

F t Ft 

Ft  Ft 

F,  F, 

1 

697  ±7 

691*7  691  *7 

630  i 70 

650  * 60 

2 

762  1 80 

689  *6 

689  t 6 

598  * 20 

3 

790 

762  * 80 

4 

762  t 80 

689*8 

598  • 20 

5 

760 

762  t 80 

6 

761 

754  ♦ 80 

7 

760 

754 

8 

754 

690 

701  * 8 

598  * 20 

9 

812 

711  *7 

10 

740 

722 

11 

801 

738  * 80 

12 

800 

13 

790 

14 

743 

15 

752 

16 

805 

17 

780 

760 

744 

18 

820 

740 

774 

19 

803 

770 

790 

20 

815 

885 

790 

804 

21 

785 
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723 

793 

22 

845 

870 

742 

742 

23 

877 

800 

805 

24 

828 

803 

25 

810 

793 

26 

960 

850 

825 

830 

27 

910 

960 

855 

875 

28 

985 

905 

850 

29 

1120 

858 

864 

864 

30 

1050 

990 

857 

882 

31 

875 

980 

834 

886 

32 

970 

1080 

870 

870 

33 

912 

1108 

880 

920 

34 

1106 

985 
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35 

1080 

900 

985 

960 

36 

1050 

985 

940 

37 

960 

965 

38 

1010 

915 

955 

39 

937 

640 

950 

40 

779 

800 

41  490 

42  380 


and  (1,  0)  bands.  For  the  (0,  0)  band,  the  predissocia- 
tion probabilities  are  given  for  each  spin  component  in 
Table  II. 

The  largest  uncertainty  in  the  lifetime  measurements 
listed  in  Table  I and  Figure  3 for  the  (0,  0)  band  is  5%. 
Since  the  intensity  of  the  (1,  0)  band  was  weaker,  the 
uncertainty  is  larger.  In  this  case  all  measurements 
have  an  uncertainty  less  than  10%. 

A strong  predissociation  is  indicated  by  the  shortening 
of  the  lifetime  at  N'=  35  for  the  (0,  0)  band.  The  data 
indicate  that  the  F,  and  Ft  spin  components  have  nearly 
the  same  lifetime.  A variation  of  the  lifetime  at  N'~  21, 
25,  and  31  was  observed.  All  of  these  results  were  ob- 
served by  Elmergreen  and  Smith. 1 

The  lines  that  arise  from  high  rotational  levels  of 
FIG.  3.  Lifetime*  v*  N'  for  the  OD  (0,0)  band.  the  (1, 0)  band  were  weak;  therefore,  their  lifetimes 
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TABLE  U.  Predissociation  probabilities  for  rotational  levels 
for  .V  > 35. 


s* 

F,  is'') 

E;  (8-*) 

:*6 

0.0514  » 10“ 

a? 

0.  0891  X 10s 

39 

0. 1663  x10s 

0.  6616  > 10‘‘ 

40 

0.  3827  x 10s 

41 

1. 1399  > 10s 

1. 7306  > 10s 

42 

could  not  be  measured.  The  expected  predissociation, 
which  should  begin  at  N'=  30  or  31  for  this  system, 
could  not  be  observed.  For  the  (1, 0)  band,  a nearly 
constant  lifetime  was  measured,  whereas  for  the  (0,  0) 
band,  we  found  an  increase  with  rotational  level  until 
predissociation  began. 

The  lifetimes  measured  in  this  study  are  in  close 
agreement  with  those  of  Elmergreen  and  Smith. 1 They 
are  slightly  greater  than  those  reported  by  German. 3 
In  all  studies,  the  lifetimes  of  the  (0,  0)  band  increased 
with  rotational  quantum  number  until  predissociation 
commenced.  Our  study  was  the  only  one  that  measured 
lifetimes  for  the  (1,0)  band. 

CONCLUSIONS 

All  three  comprehensive  studies  on  OD  involved  dif- 
ferent experimental  techniques;  in  the  region  where 
they  overlapped,  agreement  was  excellent.  The  same 
predissociation  effects  were  observed  in  the  (0,  0)  band 
for  levels  above  N'=  35.  If  the  isotopic  shifts  of  the 
energy  levels  are  taken  into  account,  the  predissocia- 
tion observed  in  OD  is  also  caused  by  the  crossing  of 
the  repulsive  *Z~  state  and  the  A2Z*  state.  The  transi- 
tion between  these  forbidden  states  arises  from  the 
weak  spin-orbit  interaction,  which  mixes  the  states. 
This  is  the  same  effect  as  was  observed  for  the  A 2£* 
state  of  OH.1'2 
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Radiative  lifetime  of  the  B 2i~  state  of  CH* 

Richard  A.  Anderson,  Jerry  Peacher,  and  David  M.  Wilcox 

Department  of  Physics.  University  of  Missouri- Rolla.  Rolla.  Missouri  6 5401 
(Received  29  August  1975) 

The  radiative  lifetimes  of  the  S’  = 3 to  15  rotational  slates  of  the  »'  = 0 level  of  the  fl!i  state  of  CH 
were  measured.  Emission  lines  were  observed  to  S'  = 15,  but  no  lines  above  this  rotational  state  were 
observed  This  result  agrees  with  previous  studies  The  lifetimes  of  all  rotational  states  were  between  300 
and  400  ns  Previous  measurements  have  indicated  that  the  S'  = 15  level  might  have  a lifetime  as  short  as 
100  ns 


INTRODUCTION 

Experimental  and  theoretical  studies  have  shown  that 
the  state  of  CH  has  a potential  maximum.1-5  Ex- 
perimentally the  emission  spectrum1  from  the  v'=  0 
level  of  this  state  breaks  off  at  N'  - 16  and  the  broaden- 
ing of  absorption  lines2  occurs  at  N'  18.  Johns  and 
Herzberg2  predicted  a maximum  in  the  potential  curve 
of  the  state  from  limiting  curves  of  dissociation  and  the 
form  of  this  potential  maxiuir.  has  been  theoretically 
studied. 3-5 

Initial  lifetime  studies®-*  only  measure  band  head 
lifetime  with  instruments  of  low  dispersion.  Brooks 
and  Smith10  performed  the  first  extensive  study  on  this 
state.  The  lifetimes  of  the  rotational  levels  to  N'  - 15 
for  0 and  the  N‘  = 6 for  v’  = 1 were  observed. 

Three  theoretical  studies11-11  to  predict  the  lifetime  of 
the  B state  have  been  performed.  In  all  of  these 
studies  only  state  lifetimes  were  calculated  and  not  life- 
times for  individual  rotational  levels. 

The  present  experiment  is  similar  to  that  of  Brooks 
and  Smith, 10  except  that  a different  experimental  tech- 
nique was  used.  The  delayed  coincidence  technique  was 
employed  so  that  actual  decay  curves  of  the  excited 
levels  could  be  observed.  Many  lines  at  shorter  wave- 
lengths could  be  described  by  single  exponential  decays 
and  those  at  longer  wavelengths  exhibited  two  exponen- 
tial decays.  In  the  discussion  of  our  paper  this  distinc- 
tion will  be  important. 

EXPERIMENTAL  METHOD 

The  delayed  coincidence  method  of  single  photon  counting 
was  used  in  conjunction  with  a pulsed  rf  discharge  at 
70  MHz  with  an  electrical  cutoff  of  15  ns.  The  spectral 
lines  were  isolated  by  a Spex  1500  J m monochromator 
with  a 1500  lines/mm  grating.  The  spectral  lines  were 
detected  with  an  EMI  6256S  photomultiplier.  For  the 
isolation  of  most  spectral  lines,  a bandwidth  of  less 
than  0.  3 A was  used.  The  output  pulse  of  the  photomul- 
tiplier was  amplitude  discriminated  by  an  EG  & G 
T200/N  fast  trigger  and  was  timed  by  an  Ortec  437  time 
to  pulse  height  converter  (TPHC).  This  output  was 
stored  in  a Nuclear  Data  1100  multichannel  analyzer. 
The  data  were  converted  to  paper  tape  and  cards  and 
read  directly  into  an  IBM  370  computer  for  analysis. 

The  methane  (CH4)  used  in  the  experiment  was 
Matheson  ultrahlgh  purity  grade.  The  gas  was  flowed 
continuously  through  the  discharge  region.  The  pres- 


sure was  controlled  with  a stainless  steel  needle  valve 
and  measured  with  a CVC  thermocouple  gauge  calibrated 
against  a Stokes  mercury  manometer. 

For  the  time  calibration  of  the  TPHC  and  the  multi- 
channel analyzer  two  methods  were  used.  In  one  case, 
a pulse  was  sent  to  the  start  of  the  TPHC  and  also 
through  a cable  of  accurately  known  delay  to  the  stop  of 
the  TPHC.  Several  different  cables  were  used  and 
counts  were  accumulated  in  the  memory  of  the  multi- 
channel analyzer  depending  upon  the  time  delay.  In  the 
second  case,  a start  pulse  from  a HP  222  A pulse  gen- 
erator was  used  to  start  the  TPHC  and  drive  a Dumont 
792  A pulse  generator  which  had  a variable  delay.  This 
delayed  pulse  stopped  the  TPHC.  The  delay  times  set 
on  the  pulse  generator  were  measured  on  a HP  1710A 
oscilloscope  which  was  time  calibrated  with  a Tektronix 
180- SI  time  mark  generator. 

RESULTS  AND  DISCUSSION 

A spectrum  of  the  emission  taken  at  high  pressure  is 
shown  in  Fig.  1.  The  long  wavelength  region  of  the 
spectrum  was  overlapped  by  a short  lifetime  component. 
This  component  is  strongly  quenched  so  that  at  high 
CH4  pressures  the  spectrum  is  mainly  that  of  CH.  At 
low  pressures  the  intensity  of  the  short  lived  component 
can  become  equal  to  or  slightly  greater  in  intensity  than 
the  long  lived  components  for  some  lines.  These  are 
the 3953,  3962,  3972,  3983,  3995,  4008,  and 4021  Alines. 


3940  3960  3960  4000  4020 


WAVELENGTH  (A) 

FIG.  1.  A portion  of  the  CH  spectrum  taken  at  high  CH*  pres- 
sures. 
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TABLE  l.  Radiation  lifetime  of  rotational  stales  of  the  v'  “ 0 

J 

level  of  the  B 

*2*  state  of  CH. 

> 

Upirer  stale 

Lifetime 

Wavelength  of  transition 

CO 

N‘ 

ns 

A 

5 lOOO. 

X. 

3 

391  t 18 

3891 

z 

4 

352  i 24 

3893 

■ 

X. 

5 

335  i 10 

3895 

7 

345  t 23 

3902 

> 

8 

349  r 8 

3906 

s 

9 

395  r 21  (304  * 24*) 

3910  <3963*)/J(9)V<15) 

Ui 

10 

345  < 10 

3910 

tr 

n 

308  < 20 

3972 

fOO  . 

12 

405  < 20 

3983 

c 

3 1146  2292  343  8 438  4 373  0 6876  802  2 

13 

399  f 29 

3995 

TIME  ("*) 

14 

430  t 18 

4008 

FIG.  2. 

The  decay  curve  of  the  3902  A line  at  30  mtorr  and 

15 

410  r 53  (304 '24*) 

4021  (3953*)P(9)Q(15) 

the  computer  fit. 


A typical  decay  curve  for  the  3902  A line  at  30  mtorr 
CH4  pressure  is  shown  in  Fig.  2.  The  solid  line  is  the 
computer  lit  to  the  curve.  Data  on  all  lines  were  taken 
at  four  or  more  CH4  pressures.  The  3902  A line  is 
nearly  a single  exponential  decay.  Most  CH  lines, 
which  are  not  overlapped  by  the  short  lived  component, 
are  nearly  pressure  independent.  CH  lines  overlapped 
by  the  strongly  pressure  dependent  short  lived  compo- 
nent are  more  pressure  dependent.  This  dependence 
is  mainly  caused  by  the  fact  that  the  computer  cannot 
yield  an  entirely  unique  solution  to  an  equation  of  the 
form  1 = A exp(- //tj)  + Bexp(-f/r2)  + C. 

Lifetimes  of  the  long  decay  component  are  shown  in 
Fig.  3.  These  lifetimes  were  measured  by  examining 
lines  where  there  was  no  overlap  of  other  CH  lines. 
Since  the  line  arising  from  the  N'=  15  level  was  weak, 
the  overlapped  P(9)Q(15)  line  at  3953  A was  also  ex- 
amined. The  lifetime  (asterisk)  for  the  3953  A line  is 
shown  opposite  the  nonoverlapped  lifetimes  for  the 
W'  = 9 and  15  levels.  Table  I shows  the  same  results  in 
tabular  form. 

The  CH  spectral  lines  were  identified  from  the  pa- 
pers by  Moore  and  Broida14  and  Bass  and  Broida. 15 
In  these  papers  the  levels  are  designated  by  lower 
state  rotational  quantum  numbers.  Brooks  and  Smith10 


ROTATIONAL  QUANTUM  NUMBER  (N'l 


FIG.  3.  The  lifetimes  of  rotational  states  of  the  v'  -0  level 
of  the  B2£'  state  of  CH. 


identified  these  as  upper  state  quantum  numbers.  If 
only  Q lines  are  examined,  this  makes  no  difference, 
but  if  P and  R branch  lines  are  included  in  their  figures, 
the  rotational  quantum  numbers  may  be  mislabeled. 

The  recent  work  by  Botterud,  Lofthus,  and  Veseth18 
on  the  term  values  of  CH  indicate  that  Moore  and 
Broida14  used  lower  state  rotational  quantum  numbers. 

The  most  striking  difference  between  our  results 
and  those  of  Brooks  and  Smith10  is  that  the  N'  = 15  level 
does  not  shorten.  The  lifetime  of  the  N'  =15  level  was 
measured  at  4021  A corresponding  to  the  P(15)  line18 
and  the  3953  A line  was  also  examined  corresponding 
to  the  F>(9)Q(15)  line. 10  At  3953  A the  short  lived 
component  became  apparent  and  for  the  lines  between 
3953  and  4021  A the  “zero  pressure”  short  component 
lifetime  was  between  50  and  100  ns.  This  may  have 
been  the  lifetime  measured  by  Brooks  and  Smith. 10 
Since  this  short  component  lifetime  was  evident  for  all 
lines  above  3953  A,  it  could  not  be  identified  as  the 
shortened  lifetime  of  the  N'  = 15  state.  It  was  probably 
caused  by  a background  of  H,  H2,  andCH*.10  Since  the 
background  was  intense  and  the  ,P(15)line  was  weak,  the 
error  for  this  line  is  larger  than  for  the  other  lines,  but 
the  lifetime  value  observed  in  our  experiment  is  close 
to  the  lifetime  of  all  of  all  other  CH  lines  and  also  the 
P(9)Q(15)  line  at  3953  A.  All  lifetimes  listed  in  Table 
I are  nonoverlapped  CH  lines  except  for  the  3953  A line 
which  was  measured  for  comparison  with  F>(15)  line  at 
4021  A. 

When  the  emission  spectra  of  CH  are  examined,  the 
last  line  observed  is  the  ,P(15)  line  with  the  intensity  of 
the  lines  gradually  decreasing  from  the  P(8)Q(14) 
line  at  3943  A.  The  F*(16)  line  is  not  present  and  this 
agrees  with  earlier  studies. 1 From  this  study  the 
N'  = 16  level  of  CH  is  the  first  level  tunneling  through 
the  potential  barrier  and  has  a lifetime  so  short  that  it 
cannot  be  measured.  Since  all  CH  levels  from  N'-  3 
to  15  have  the  same  lifetime,  they  are  all  visible  but 
may  have  gradually  decreasing  intensities  beyond  N'=  8, 
and  the  N'  = 16  level  is  not  apparent  because  of  its  rapid 
tunneling  through  the  potential  barrier.  This  rapid  tun- 
neling also  accounts  for  the  broadening  of  the  N'  = 18 
level  in  absorption. 2 Since  the  absorption  line  ending 
on  the  W'  = 18  level  is  broadened  and  the  true  predisso- 
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ciation  limit  can  best  be  determined  by  the  break-off  of 
an  emission  series,  the  P(  16)  line  first  shows  predis- 
sociation  and  the  N'  - 16  level  can  have  a lifetime  10  100, 
or  more  times  less  than  the  N’  = 15  level. 

From  these  results  the  barrier  height  of  the  B ZL* 
state  must  be  greater  than  700  cm'1  using  the  data  of 
Herzberg  and  Johns2  and  Botterud,  Lofthus,  and 
Veseth. 14  This  result  is  also  in  close  agreement  with 
the  results  of  Herzberg  and  Johns2  and  Lee,  Hinze,  and 
Liu, 5 which  are  greater  than  500  and  800  cm'1,  respec- 
tively. 

CONCLUSION 

In  conclusion,  the  lifetime  of  all  rotational  states 
from  JV'=  3 to  15  are  nearly  the  same  with  a slight  in- 
crease in  lifetime  with  the  rotational  quantum  number. 
The  P(16)  line  does  not  appear  and  the  N'=  16  level  has 
a lifetime  so  short  that  the  line  arising  from  it  is  not 
seen.  This  result  agrees  with  the  observation  of  emis- 
sion spectra  and  the  broadening  of  the  N'=  18  level  in 
absorption.  This  result  combined  with  new  determina- 
tions fo  term  values14  yields  a potential  maximum  great- 
er than  700  cm'1. 
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